SUMMARY A system for whole-blood perfusion of the bovine eye through the cilioretinal artery was developed and the distribution and binding of 1251-labelled insulin and human growth hormone (HGH) were studied autoradiographically. Sodium fluorescein was used as a tracer to monitor blood retinal barrier integrity, and electron microscopy was used to determine structural preservation after perfusion fixation. With this system, barrier integrity and structural perservation of both the neural retina and the retinal blood vessels were regularly obtained, with 
SUMMARY A system for whole-blood perfusion of the bovine eye through the cilioretinal artery was developed and the distribution and binding of 1251-labelled insulin and human growth hormone (HGH) were studied autoradiographically. Sodium fluorescein was used as a tracer to monitor blood retinal barrier integrity, and electron microscopy was used to determine structural preservation after perfusion fixation. With this system, barrier integrity and structural perservation of both the neural retina and the retinal blood vessels were regularly obtained, with perfusion periods of as long as 5 hours. By quantitative light microscopy autoradiography, insulin binding sites were identified on the endothelial cells of retinal capillaries after perfusion with blood containing '25l-insulin. "25I-insulin binding was competitively inhibited by the addition of unlabelled insulin to the perfusing blood. By contrast the low level of binding of HGH to retinal capillaries was nonspecific. Electron microscopy autoradiography revealed '25I-insulin autoradiographic grains lying over the endothelial cell wall, over pinocytotic vesicles, and over the cytoplasm of both endothelial cells and pericytes. This suggests that, after binding to the cell surface, some insulin passes into the cell cytoplasm. However, neither 1251 nor 1251-HGH penetrated as far as the retina in the periods studied.
Although blindness secondary to microvascular disease is a major complication of diabetes, insulin's physiological role in the eye is unknown beyond the fact that it does not affect glucose uptake.' However, it is known that insulin binds specifically to brain capillaries and umbilical vessels.23 It has also been suggested that insulin stimulates vesicular transport across muscle capillary walls and that this effect is reduced by diabetes. 4 Recently there have been preliminary reports of specific insulin binding sites in isolated retinal capillary preparations at 220C' and in cultured retinal pericytes at 4°C. 6 The purpose of this study was to assess the characteristics of insulin binding in retinal capillaries in an intact eye perfused with blood at 37°C and to assess whether binding influences distribution in the retina.
The fact that human growth hormone (HGH) is implicated in diabetic retinopathy is well established,7" but the mechanism is not understood. Capillary binding sites for HGH were not found in the brain,2 but in view of the differing effects diabetes has on the 2 circulations the retinal capillary binding behaviour of HGH was also studied.
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The bovine eye was chosen because insulin binding sites had already been found in an isolated bovine retinal microvessel preparation.5 Furthermore, the cow, like man, has a holangiotic fundus," with the inner half of the retina receiving its blood supply from a dense capillary network (Fig. 1) . One artery, the cilioretinal artery, supplies the whole ocular vascular bed,'2 and it has been previously shown that it is possible to cannulate this artery and perfuse the eye with blood for periods of several hours while maintaining normal structure and function. '314 Materials and methods Perfusion. Bovine eyes were perfused with blood immediately after death by a modification of the technique originally described by Seaman et al. '3 Freshly obtained bovine blood was collected in the slaughter-house in a siliconised bottle containing 3000 USP units of heparin. Air was then pumped through a gas dispersion rod until the blood gas levels rose to within arterial limits (Po290-100 mmnHg, Pco225-35 mmHg, pH 7-35-7-45).
This 'arterialised' blood was then drawn into a syringe and connected to siliconised tubing that culminated in a fine polyethylene cannula narrow enough to enter the cilioretinal artery. A freshly enucleated eye with a long section of optic nerve was obtained, and with the aid of a portable operating microscope (Zeiss OP-MIX) the cannula was rapidly inserted into the cilioretinal artery and sutured in place. Warmed (37°C) heparinised normal saline was gently flushed through the eye to expel native blood from the circulation, and this was immediately followed by blood at a rate of 1 ml/min at a pressure of 70-80 mmHg from a portable precalibrated syringe pump (Autosyringe Model SB). The eye could then be placed in an apparatus containing warm water to maintain both the eye and incoming blood at 37°C for transport to the laboratory. 1 ml/min was the rate we found blood spontaneously flowed through the eye when a blood reservoir was suspended above the eye to produce a hydrostatic pressure of 70 mmHg and was also the rate used by Seaman et al. '3 The uniformity of blood flow and the patency of the blood retinal barrier were checked in each experiment by injecting 2-5 mg of sodium fluorescein into the perfusing blood. The ensuing fluorescein angiogram could be monitored either with a direct ophthalmoscope or on film. After fixation the retina was also examined under ultraviolet light for the presence of extravasated fluorescein. The patency of the bloodretinal barrier was regularly maintained for periods of more than 5 hours, and excellent structural preservation was evident on electron microscopy of eyes perfused for this period (Fig. 2) . Iodination of hormones. Insulin and growth hormone were iodinated at room temperature by the chloramine-T technique.'5 Free '25I was separated from labelled hormone by gel filtration (Sephadex G25). Radioactivity precipitable in 10% trichloracetic acid (TCA), and binding by antibody were then determined"6 before each batch of radiolabelled hormone was divided into identical aliquots and frozen. No aliquots were used later than one week after manufacture. The final product was >94% precipitable in 10% TCA and 90% bound by insulin antibody, and ranged in specific activity from 100 to 150 puCil,tg.
Autoradiography. After perfusion each eye was flushed gently with normal saline to clear the circulation of blood and then fixed by perfusion and topical application of a fresh aldehyde mixture (2% paraformaldehyde, 2% glutaraldehyde, and 0 -M sodium cacodylate buffered to pH 7-4). After fixation for 2 hours at 4°C retinal sections were postfixed for 2 hours in 1% OS04 in Veronal-acetate, rinsed, and stained en bloc with uranyl acetate for 3 hours at room temperature. The blocks were then dehydrated in graded ethanols and propylene oxide and embedded in Epon.
For light microscopy autoradiography sections were cut at a thickness of 0 5 ,um, coated with Ilford K5 emulsion, and developed after 30 days at 4°C. For electron microscopy autoradiography the flat substrate technique of Salpeter and Bachman" 18 was followed, with Ilford L4 emulsion. Sections were 60-90 nm thick and the emulsion layer was about 0-1 1.... To be counted as a capillary wall autoradiographic grain the grain had to be sharply on the interface between cell cytoplasm and lumen. All other grains were ignored (Fig. 4 (iv) autoradiographic grains in association with capillary walls.
The experiments in which the blood retinal barrier remained intact produced retinal grain densities that did not differ significantly from their background values. The mean control grain density in two experiments without`25I hormone perfusion was 38±10 grains per ,um2 over all areas. However, it is of interest that in 2 experiments in which-blood retinal barrier breakdown occurred (as shown by fluorescein leakage into the retina) the retinal grain density increased to choroidal levels.
These results suggest that while both '25I-insulin (approximate MW 6000) and '25I-HGH (approximate MW 21000) passed freely through the choriocapillaris fenestrae, neither hormone penetrated the blood retinal barrier in studies conducted with 15 minutes' perfusion with '25I-HGH, and with periods of 10 to 60 minutes' perfusion with '25I-insulin.
CAPILLARY WALL GRAINS: QUANTITATIVE LIGHT MICROSCOPY BINDING
Both '25I-insulin and '25I-HGH perfusion resulted in the presence of autoradiographic grains lying over the interface between capillary cytoplasm and capillary lumen, suggesting binding to the capillary wall (see Fig. 4 ). By contrast, in the absence of perfusion with iodinated hormone the incidence of 'background' autoradiographic grains lying over this interface was very low (0-10 grain/100 ,um2 capillary wall; 2 experiments, n= 10).
To assess how specific this binding process was 10 different 'l25-insulin and 4 different 'l25-HGH experiments were performed with varying concentrations of labelled and unlabelled hormone for different perfusion periods, as summarised in Table 1 capillary wall associated autoradiographic grains at the electron microscopic (EM) level to levels where quantitative EM distribution analysis could not be attempted. 20 Firstly, the binding site concentration on the cell wall surface appears to be comparatively low. Secondly, the capillary profiles were separated by large areas of intervening retina, so that only a few profiles appeared on each grid. However, preliminary analysis of 116 capillary wall associated grains allowed the following observations to be made:
Capillary associated grains could be morphologically classified according to the structures over which they lay (Figs. 6, 7) : (a) cell wall associated; (b) vesicle associated; (c) cytoplasm associated; these ranged in distance as far as 850 nm from the cell wall.
With increasing periods of perfusion the distance from the cell wall to cytoplasm associated grains appeared to increase: 15 min perfusion: mean cell wall++grain centre distance =89-+-99 nm; n=32; 3 experiments. 25+60 min perfusion: mean cell wall+-grain centre, distance=173-+-187 nm; n=34; 3 experiments; p<0025).
Excess unlabelled insulin simultaneously perfused with the labelled insulin reduced not only the overall number of capillary wall associated grains in comparison with labelled insulin alone, but also the distance from the cell wall to the grain centre.
These preliminary observations suggest that 1251-insulin may be internalised by retinal endothelial cells as it is in hepatocytes20 and fibroblasts,2' but a much larger EM study would be needed to establish this quantitatively.
Discussion
Distribution. Both '25I labelled hormones passed into the choroid, but neither hormone penetrated the retina. This would appear to be a reflection of their molecular size in relation to the known difference in permeability characteristics of the blood retinal barrier and the choriocapillaris,22 and is similar to findings with the blood brain barrier.2 Our findings that blood retinal barrier breakdown allows '251-insulin and '25I-HGH to penetrate the retina in large quantities makes it tempting to speculate on the possible role of these 2 potent growth factors'023 in the development of new vessels in diabetic retinopathy.
Binding. The binding data complement the previous report from this laboratory and suggest that there are specific binding sites on the luminal aspect of retinal capillaries, and that these sites are present in a relatively low surface concentration in comparison with traditional insulin target cells (e.g., hepatocytes). 24 Our results are compatible with the binding site density found in rat brain microvessels in vivo2 found by similar autoradiographic technique. In that study Van 
